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Summary

A study was condueted to investigate the mea.
surement resolution of noise directivity patterns from
acoustic flight tests. Directivity-angle resolution is
affected by the data reduction pavameters, the air
craft veloeity and fivover altitwde, and deviations
of the aireraft from the desired flight path. Equa-
tions are developed that determine bounds for the
Iateral and longitudinal-directivity-angle resolution
as a function of the nominal direetivity angle, The
cquations ure applied to a flight test data base, aud
the offects of several flight conditions and data redue-
tion parameters on the direetivity-angle resolution
are presented. The maximum directivity-angle reso-
lution typically oceurs when the aireraft is at or near
the overhead position.  In general, directivity-angle
resolution improves with decreasing velocity, increas-
ing altitude, increasing snmpling vate, deereasing
black size, and deereasing block averages. Deviations
from the desired ideal flight path will increase the
resulution.  For the flight experiment considered in
this study, an average of two flyovers were required
at cach test condition to obtain an accep 1able flight
path. The ahility of the to maintain the fligh:
path imps vith dec-casing altitude, decreasing
veloeity, a ee. Beeanse of the prevailing wind
conditions, angles of as much ag 20° were re-
quired to maintain the desired flight path.

Introduction

In recent years helicopter noise has become a
topic of great mterest both within the helicopter com-
munity and to the public in general. This interest is
precipitated, in part, by the increased noise levels of
the modern helicopter due to increases in main rotor
tip speed (ref. 1), flight speed, gross weight (refl 1),
and tail rotor up speed (ref. 2). Compounding the
problem of increased noise levels is a dramatic in-
crease in the number of helicopters in use and a cor-
responding increase in demand for public-use heli-
ports (ref. 3). Helicopter noise is different from most
other types of aircraft noise in that it is periodic
and impulsive. Powell and McCurdy (ref. 4) found
that human annoyance to helicopter noise increased
with the repetition rate of the periodic components
and with impulsiveness by more than the equivalent
of 4 dB and 13 dB, respectively. For these reasons,
implementation of helicopter noise regalations is in-
evitable. Civilian noise limits are established for
psychoacoustic criteria whereas military helicopters
must be designed for minimum detectability since
the military value of the helicopter for tactical and
surveillance missions is reduced by its high-level and

unique noise signature. The success of a new he-
licopter type could be seriously compromised by a
design policy that does not consider noise.

A key clament of a design for noise technology
is an aceurate rotoreraft noise-prediction methodol-
ogy.  ROTONET, a comprehensive computer pre-
diction program currently under development at the
Langley Research Center, prediets helicopter far-field
noise levels and frequencies as a function of direetive
ity angle tref. 3). ROTONET accounts for spherical
spreading (vel. 6), Doppler frequeney shift (ref. 7).
and atmospherie absorption (ref. 7) when propagat-
ing the source noise predictions to the far-field. Be-
fore this noise-prediction methodology will be gen-
erally accepted, however, it must be evaluated and
proven with respect to the source noise elements
incorporated.

One key clament of the Langley work is the ac-
quisition of a comprehensive, aceurate, experimen-
tal acoustic data base to validate the predictions.
This data base includes high-confidence, ground-level
acoustic fiyover data consisting of acoustic spectra
as a function of the dircetivity angle, simultancously
measured helicopter dymumie state and spatial posi-
tion data, and atmospheric data. ‘To obtain the high-
confidence levels required of the acoustic spectral
estimates, an ensemble-averaging technique is em-
ployed in combination with a block-averaging tech-
nique which assumes that the signal is a stationary
process over a short time period (ref. 8). Not con-
sidered by the technique, however, is the directivity-
angle resolution of the averaged acoustic sigual.

The purpose of this paper is to investigate the of-
fects of various flight and analysis parameters on the
directivity-angle resolution of the averaged acoustic
spectra from an acoustic flyover test. In addition,
some typical flight path and aireraft attitude data are
presented from an acoustic flyover test conducted by
NASA and the McDonnell Douglas Helicopter Com-
pany (MDHC) on a 500E helicopter at the NASA
Wallops Flight Facility (\WFEFF).
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wicrophone number
analysis record length, see
length of data black, see

analysis start time for ath
microphone, sec

virspeed, knots
aireraft veloeity, ft/see

Cartesian coordinate system with
origin at microphone 1 (reference
microphone)

sideline devintion limits, ft
altitude, ft

altitude deviation limits, fu

angle of attack, deg

angle of sideslip, deg
longitudinal-directivity angle, deg

first critical longitudinal-
directivity angle, deg

second eritieal longitudinal-
direetivity angle, deg

longitudinal-directivity-angle
resolution, deg

measured longitudinal-directivity-
angle resolution, deg

longitudinal-direetivity-angle
resolution due to block averaging,
deg

longitudinal-directivity-angle
resolution due to combined

effcets of hlock averaging and
altitude deviation limits, deg

lateral-directivity-angle resolution
due to sideline deviation limits,
deg

measured lateral-directivity-angle
resolution, deg

rotor rotational speed, rpm

Abbreviations:

analog-to-digital
channel wideband

fast Fourier transform

HIARS Helicopter Instrumentation and
Recording System

MDHC McDonnell Donglas Helicopter
Company

MR main rotor

mie microphone

OASPL overall sound pressure level, dB
(re 0.0002 dynes/em?)

PCM pulse code modulation

SPL sound pressure level, dB (re
0.0002 dynes/cim?)

SR data smnpling rate. snmples per
second

TOT turbine output tamperature, °C

TR tail rotor

WFF Wallops Flight Facility

Description of Experiment
Test Helicopter

An acoustic flyover test was conducted at the
NASA Wallops Flight Facility during a. d-week pe-
riod in May and June 1986. The test aircraft
was a modified McDonnell Douglas S00E experimen-
tal helicopter (fig. 1). The S500E helicopter has a
26.41-ft-dinmeter, fully articulated, five-bladed main
rotor system with a 4.58-ft-diameter, two-bladed tail
rotor; and it operates at a maximum gross weight
of 3000 Ib. In addition to the basic S00E helicopter
hardware, an onboard research instrumentation sys-
tem (described subsequently) and a four-bladed tail
rotor and mufiler were installed during parts of the
flight test program.

Onboard Instrumentation System

The onboard instrumentation system, referred
to as the Helicopter Instrumentation and Recording
System (HIARS), measures 31 different aireraft pa-
rameters, as indicated in table I, at data rates up
to 5555 samples per sccond. The HIARS provides
a modular, integrated, digital data acquisition sys-
tem that can be installed onboard any passenger-
carrying helicopter. A simplified system schematic is
presented in figure 2, and a detailed description of the
HIARS clectronics system is provided in reference 9.
The HIARS consists of a fuselage data acquisition
and recording system that fits in the rear seat/cargo
area of “he helicopter, a rotor-mounted data acquisi-
tion and telemetry system, and a 1/rev and 256/rev
signal ring with integrated telemetry transmitting
antenna that mounts on the rotating swash plate.




The HIARS utilizes an advanced, rotor-mounted, 8-
bit pulse code modulation (PCM) telemetry system
to acquire main rotor weasurements and a second
10-bit PCM system to acquire fuselage performance
measurements. The fuselage data system receives the
rotor telemetry signal, merges the rotor and fuse-
lage PCM signals in a master-slave configuration, and
provides magnetic tape storage of all data from both
systems. The fuselage system incorporates a modern
commmercinl PCM subsystemn to multiplex the vari.
ous analog and digital transducer signals into a se-
rial digital format for onbonrd recording. A 14-track,
direct-recording magnetic tape recorder with wide-
band I response was operated at 30 in/sec to record
all nircraft data,

Helicopter pitch and yaw attitudes were mea-
sured wsing standard flight-certified gyroscopic sen-
sors. Piteh angle measurements were obtained using
a standdard displacement gyroscope, whereas yaw an-
gle or heading measurements were obtained using a
north-slaved gyroscope.

Tracking Instrumentation System

The aireraft position tracking systen consisted
of a lnser system in conjunction with a FPS-16 radar
system. In the event that the laser lock is lost, the
tracking system reverts to the FPS-16 radar system
which tracks a C-band transponder mounted on the
test vehicle. Real-time 2y and =3 plots provided im-
mediate verification of the flight path aceeptability.
The tracking data were postprocessed by translating
the coordinate system origin to the reference micro-
phone position and rotating the coordinate system
to align it with the desired flight path. The post-
processed tracking data, in the form of time histories
in both the spherical and Cartesian coordinate sys-
tems, were recorded on magnetic tape at a rate of
10 points per second, along with time code, Track-
ing data are presented in Cartesian coordinates from
the postprocessed data.

Meteorological Instrumentation System

A small, tethered, blimp-shaped balloon was used
to lift instrumentation that provided meteorologi-
cal data before and during the flight tests (ref. 10).
Profiles of temperature, relative humidity, and wind
speed and direction were measured up to the maxi-
mum test altitude. The output of the package was
telemetered to an instrument van on the ground,
where it was displayed in real time and was recorded
on magnetic tape. Additional weather information
was obtained from a permanent weather station at
the WFF. The permanent weather station had a sen-
sor height of 10 m and measured wind speed and

direction, barometric pressure, and dew point in the
form of strip charts.

Weather forecasts from the permanent weather
station were used to determine the acceptability of
weather conditions for Hight testing on the following
day. Weather conditions that precluded Hight testing
were steady ground-level winds of 10 knots or greater,
relative humidity in excess of 95 percent, or precipi-
tation. Atmospheric weather profiles obtained from
the weather balloon system were used to account for
the propagation of the acoustie signal from the source
to the receiver.

Acoustic Instrumentation and Flight Test
Procedures

‘The acoustic instrumentation consisted of 24 mi-
crophone systems operated from 2 mobile data vans,
The microphones were positioned into four linear ar-
rays of six microphones each as illustrated in figure 3.
The distance between adjacent microphones within
each array was 200 ft, whereas the distance between
arrays was 250 ft. Each microphone was fitted with
a grid cap and wind screen and was mounted on a 4-
by +4-ft plywood ground board. Each microphone sig-
nal was amplified, band-pass filtered between 20 Hz
and 16 kHz, and recorded (along with time code)
on a frequency-modulated, 14-track wideband I tape
recorder operating at 15 infsec. A pistonphone was
used in the field each day for sound level calibration.

A typical data run scenario beging approximately
2 miles out from the microphone array. The pilot
aligns the aircraft with the desired flight path (see
fig. 3) and attains the proper altitude and airspeed.
Direct communications hetween the aircraft pilot and
a radar technician are utilized to help maintain an ac-
ceptable flight track. The radar technician, viewing
the xy and xz tracking data in real time, recommends
flight path corrections when necessary to maintain
the flight path within aceeptable limits. At approx-
imately 1 mile out all data systems are turned on.
‘The aircraft, flying at constant altitude and airspeed,
passes over the microphone array and continues on
this course until it is approximately 1 mile past the
array. At this point all data systems are turned off
and the data run is complete. Inmediately after com-
pletion of the data run, an assessment is made of the
flight path acceptability and acoustic data quality to
determine whether a repeat of the run is required.

Data Reduction and Analysis
Aircraft Flight Data Reduction

The HIARS data reduction process consisted of
demultiplexing the original serial digital data stream
back into the individual components and converting
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cach of these components to their respective engi-
neering units.  Pitch an? yaw measurements were
obtained at a rate of 231 samples per second, and
the 256/rev measurements were obtained at a rate of
0555 snmples per second.

Acoustic Data Reduction

The acoustic source fickd produced by an aireraft
woving at constant altitude, velocity, attitude, and
engine power setting through a uniform atmosphere
represents a stationary ranclom process, The acous-
tic sighal received from a moving aircraft at a fixed
abserver position, however, is nonstationary. In addi-
tion to the well-known Doppler effect, the character-
isties of the spectrum of the received signal change
beeause of the directionality of the source, spheri-
eal spreading, atmospheric absorption, and grownd
reflection and attenuavion. Since the techniques of
time series analysis are valid only for data that sat-
isfy conditions of weak stationarity (refs. 11 and 12),
the received acoustic signal is assumned to be weakly
stationary over some sufficiently small time interval.
However, small analysis time intervals result in foew
statistical degrees of freedom and poor confidence
in the sound pressure level estimates. To cireum-
vent this dilemma, a technigue of ensemble-averaging
speetea over several microphones is applied (ref. 8).

The procedure for reducing the experimental data
is ns follows. Directivity angles are caleulated from
aireraft position and estimated angle of attack. Re-
ception times are ealeulated by asswning that the
sound propagates in a straight line at a constant av-
crage speed determined from meteorological data ob-
tained from the balloon systan during testing. The
average veloeity of the aireraft during the flyover is
also caleulated. To analyze the data according to di-
rectivity angle, data records are interpolated to de-
termine signal reception times corresponding to the
emission angles of interest.

For the 500E test, the analog acoustic tapes were
sampled at a rate of 25000 samples per second and
digitized with an amplitude resolution of 3600 counts
full scale. In order to ensemble-average spectra from
different microphones, the individual spectra must be
calenlated from data segments based on an identical
aircraft-to-microphors directivity angle. With the
microphones equally spaced along a line parallel to
the flight path, it is necessary to shift the data for
each microphone by a time ¢, defined as

= (n-1)2 (1)

where n is the microphione number, D is the distance
between adjacent microphones. and v is the aircraft
velocity.
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For each time corresponding to a directivity angio
of interest, one segment of data centered on that time
is found for each microphone. Ench segment, is sepa-
rated into blocks, a Hanning data window is applied,
and a spectrum is caleulated for cach black, The
block spectra are then averaged to provide a block-
averaged spectral estimate for each segment. The
block-averaged spectra corresponding to each direc-
tivity angle of interest are then ensemble-averaged
over all microphones. Each ensemble-averaged anal-
ysis consists of 5 blocks of 2048 points each per
microphone for a frequency resolution of approxi-
mately 12 Hz and an 80-percent confidence inter-
val of 1.08 to 0.90 dB about the estimate based
on a chi-square distribution. ‘The advantage of this
ensemble-averaging techuique is that it aversges pres-
sure spectra from “N” micraphones from one aircralt
fiyover rather than the more typical method of av-
eraging pressure spectea from “N™ fiyovers of one
icrophone. This technique greatly reduces the re-
quired Hight time while assuring very similar flight
conditions for all data used in the ensemble-averaging
process.

Resolution of Longitudinal and Lateral
Directivity Angles

An important consideration in any acoustic fly-
over test is the directivity of the noise field radiated
by the aircraft. For highly directional aircraft, such
as hielicopters, the resolution of the dircctivity angle
of the acoustic measurement hecomes most impor-
tant. As an example, figures 4 and 5 present pre-
dicted horizontal and vertical noise directivity pat-
terns for thickness noise and loading noise, respec-
tively, for a typical four-bladed helicopter in forward
flight (ref. 13). To define the horizontal directivity
pattern due to thickness noise in terms of the overall
sound pressure level (QASPL), figure 4(a) shows that
a directivity-angle resolution of 15°, for example, is
sufficient. However, at the longitudinal-directivity
angle of approximately 1102, a directivity-angle res-
olution of 15° would alter the noise contours for the
vertical directivity pattern due to thickness noise pre-
sented in figure 4(b). The horizontal directivity pat-
tern due to loading noise presented in figure 5(a) in-
dicates that a directivity-angle resolution of 15° is
sufficient if the OASPL or the sound pressure level
(SPL) of the first harmonic is of interest. How-
ever, a finer directivity-angle resolution would be re-
quired to avoid averaging out the lobular patterns
of the SPL of the second and third harmonics. Fig-
ure 5(b) shows that a directivity-angle resolution of
15° is sufficient to represent the vertical directivity
pattern of the OASPL due to loading noise for any




longitudinal-directivity angle. In general, the more
lobular the pattern, the finer the directivity-angie
resolution requited to accurately repraduce the uc-
tual phienomena,

In designing a flight test plan for aircraft noise
measurements, the directivity-angle resolution of
the averaged acoustic spectra must be considered,
Directivity-nngle resolution is affectesd by the data
redluction parameters, the aircraft velocity and al
tituede, and the deviations of the aircraft from the
desired straight-and-level Hight path. The follow-
ing three subsections will discuss the effects of the
averaging technique and the effects of the verti-
cal and horizontal flyover envelopes on the acoustic
dircctivity-angle resolution. Plots of the directivity-
angle resolution as a function of the nominal direc-
tivity angle are presented for a typical fiyover. The
flight conditions and data reduction parameters for
these plots are given in table IL. Finally, the effect of
different parameters on the directivity-angle resolu-
tion will be discussed.

Effect of Block Averaging

The time interval or record length (T°) required
to obtain the necessary data for the block-averaging
aualysis is defined as

T = Np xTy (2)

where Np is the number of blocks of data and Tp is
the length of data block.

During this time interval the aircraft travels a
given distance. The change in the longitudinal-
directivity angle due to the aircraft travel defines the
longitudinal-directivity-angle resolution due to block
averaging (Afp) as illustrated in figure 6(a). The
cquation for Afp as a function of the longitudinal-
directivity angle (0) is

Z
= L (P
Abp = tan (Z/txm 0 - u7‘/2>

- Z .
= tan l(Z/tun 0+vT/2) )

where @ is the longitudinal-directivity angle, Z is the
altitude, v is the aircraft velocity, and T is the record
length (see eq. (2)). Figure 6(b) presents a plot of the
variation of Afp as a function of 4 for a typical flight
condition. In the overhead position (where 8 = 90°),
Afp has a maximum of nearly 13°. The shape of this
curve is typical for any chosen parameters, and only
the magnitude of Afp varies with these parameters.

Effect of Altitude Variations

Variations in the aircraft altitude during a fiyover
will increase the longitudinal-directivity-angle reso-
lution. Consider the aircraft as it approackes the
microphone array as shown in figure 7(a). The data
reduction parameters along with the aircraft veloc-
ity and the altitude deviation limits provide a “data
box™ that is V xT R long by 2 AZ v high, where AZ
is the altitude deviation limit. The analysis averages
the acoustic signal measured while the aircraft moves
through this data box. When approaching the micro-
phone array the maxitum longitudinal-directivity-
angle resolution due to the combined effects of block
averaging and altitude devintion limits (A687,4) would
be obtained if the aircraft entered the data box
from the lower right-had corner and exited through
the upper left-hand corner.  As the aivcraft nears
the overhead position where 8 is greater than some
critical longitudinal-directivity angle (8.01) and less
than a second critical longitudinal-directivity angle
(Oeri2). the maximumn Afp,q would be obtained if
the aircraft passed through the entire data box while
at the lower altitude limit. The equations for these
critical directivity angles are

Oein = tan~! (2Z/uT) (4)

0ctil'2 = 90° + (90"'0«“]) (5)

For 8 > O, the maximun Abpyq would be ob-
tained if the aircruft entered the data box from the
upper right-hand corner and exited through the lower
left-hand corner.  This maximum resolution-angle
scenario indicates that for an approaching aircraft,
a sudden drop in altitude will produce less of an in-
crease in Afp 4 than would a sudden increase in alti-
tude. Conversely, for a departing aircraft, a sudden
increase in altitude is preferable to a sudden drop in
altitude. In the near-overhead position, the greater
the altitude the smaller the resultant angular resolu-
tion. The equations for maximum A8y, as a func-
tion of 8 are, for 0° < 80 < Ocein1s

2+ A7
Al — -l
Abrs = tan (Z/ tan 8 - t:'I‘/2)
Z2—-AZ
-t ot z
tan (Z/ tan 0+uT/2) (©)

for ocritl <0< 0cril2»

Z-407
Abry = tan” l(\ Z[ tan 0—vT/2)

-1 Z-AZ
= tan” ('Z/ tan 0+vT/2) (7)
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ondl, for Gepa < 0 < 180°,

Alpy = tnn"‘(

=3l )

Zlwn 8 ~T/2
Z+AZ
- tan™! il :
tan (Z/ tan 4+ u‘[‘/'Z) (%)

Figure 7(b) prosents a plot of the variation of Afy 4
as a function of 8 for a typical flight condition, The
Allpq curve is synnmetric about 8 = 90° with a max-
i of 14° at 8 = 72° and 108° and a decrease of
about 0.5° near § = 90° The shape of this curve
is typical for any selected parameters: however, the
location(s) and magnitude of the maximmn resolu-
tion angle ean vary significantly with flight and data
recduction parmneters.

Effect of Sideline Variations

Variations in the aireraft sideline teack will pro-
duee a sideline or lateral-directivity-angle resolution
() ws shown in figure 8(a). The data reduction
parmneters, aireraft velocity, and sideline deviation
limits produce a data box that is V' x T {t long by
2 AY fu wide, where AY is the sideline deviation
limit. ‘The analysis averages the acoustic signal mea-
sured while the aireraft moves through this data box.
The maximum Ag would be obtained if the aircraft
were to traverse the data box instantancously from
one sideline limit to the opposite sideline limit at the
point within the data box where the aircraft is clos-
est to the microphone. The equations for A¢ as a
function of 8 are, for 0° < 0 £ O

Ap = 2xtan™! A 7
[(Z/mn 0 - vT/2)% + zﬂ] ;
(9)
for Oeriny <0 2 Uerinn.
A¢ = 2xtay™! (-"'\‘—’) (10)
Z
and, for J0 <0 < 180°,
A¢ = 2x tan™} 4l 77
[(Z11an 0.4 vT/2)% + 27
(11)

Figure 8(b) presents a plot of the variation of Ag
as a funetion of 0 for a typical flight condition.
The A¢ curve is symmetric about § = 90° with a
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waximum of 9° in the overhead position between
Ocqny andd Beea. The maximum Aé is most critical
when ey < 0 < O

The Combined Effects of Block Averaging,
Altitude Variations, and Sideline Variations

The previons paragraphs have introduced the
concepts of directivity-angle resolution due to three
different parameters: the time period required for
data acquisition, the altitude. and the sideline de-
viation limits.  To consider the combined effects
of analysis time, altitude varintions, amd sideline
variations, the data box becomes threw-dimensional
(VxT ftlong by 2AY [ wide by 2A7Z ft high). Be-
cause the analysis fixes the time period required for
data acquisition and assuimes that the test aireraft
does not deviate from the desired flight path, Afy
is the minimum longitudinal-directivity-angle resoln-
tion available. Sideline deviations have no effect on
the longitudinal angular resolution; therefore, Adpy
is the maximum longitudinal-directivity-angle reso-
lution. Figure 9 combines Afy and Afpy versus
0 for a typical flight condition. The solid curve is
Afy and represents the mininam directivity-angle
resolution available for all angles of 8. The maxi-
mum directivity -angle resolution (Afp4) is plotted
as a desnitd line. The longitudinal-directivity-angle
resolution of the measured acoustic signal (Afyens)
for any 8 will f»if somewhere between the eurves of
Afp and Alp4, depending on the manner and the
magnitude of the aircraft deviations from the desired
test altitude as the aireraft passes through the data
box (i.c.. Abp € Abyeas < Afpy4). For example, at
0= 600‘ 10'D S A()nw*g S 13°.

Although the sideline deviation limits have no ef-
fcet on the longitudinal-directivity-angle resolution,
the altitude deviation limits do affect the lateral-
directivity-angle resolution. If the aircraft were to
pass through the three-dimensional data box at the
lower altitude limit, the distance dy in figure 8(a)
would decrease slightly; and since AY is held con-
stant, A¢ would increase. However, because this
increase in A¢ is very small, the effect of altitude
deviations on A¢ is not considered in this paper.
Figure 8(b), then, presents the maximum lateral-
directivity-angle resolution considered in this paper,
The lateral-directivity-angle resolution of the mea-
sured acoustic signal (Admeas) for any 6 will fall
somewhere between 0° and the curve of Ag, again
depending on the manner and the magnitude of the
aircraft deviations from the ideal flight path as the
aircraft passes through the data box (ie., 0° <
Admeas < Ag). For the flight conditions listed in ta-
ble II1, at 8 = 60°, it is found that 0° < A¢dyeas < 8°.




Calculations of Directivity-Angle Resolution
for Various Parameters

Angle Resolution for Range of Velocities

Figure 10 presents plots of the lougitudinal-
directivity-angle resolution bouvadaries versus the
nominal directivity angle for aircraft velocities of 40
to 140 knats in 20-knot increments. The maximum
Abdp 4 oceurs in the overhead position (6 = 90°) at
the higher velocities and moves progressively farther
away from the overhead position as the velocity de-
creases while always maintaining symmetry about
f# = 90°. The maximum A0y, decreases from nearly
21° at 140 knots to approximately 9° at 40 knots
while the location moves from @ = 90° for velocities of
100 knots or greater to approximately 28° away from
the overhead position at 40 knots. The maximum
Afp always occurs at 8 = 90° and decreases from
22° at 140 knots to approximately 6° at 40 knots.

The maximun A is independent of velocity;
however, the values of the critical longitudinal-
directivity angles (Oq and 8g50) wre not.  Fig-
ure 11 presents a plot of A¢d versus 8 for velocities
of 40 and 140 knots. For both velocities presented,
the maximmn A is approximately 9° and occurs
for Oy £ 0 € Opa. For 0° € 8 < By the
140-knot curve is slightly greater than the 40-knot
curve, and this difference generally increases with in-
creasing 8. As 0 increases from O toward 180°,
the 140-knot curve is again greater but the difference
generally decreases with increasing 0. Increasing ve-
locity decreases the value of Oy and increases the
vitlue of O, thereby increasing the width of the
region of maximum A¢. At 40 knots, this region is
87° < 0 < 93° and increases to 79° < § < 101° at
110 knots.

From figures 10 and 11 it can be concluded that
the directivity-angle resolution, both lateral and lon-
gitudinal, is the smallest at low velocities and in-
creases with increasing velocity.

Angle Resolution for Range of Altitudes

Figure 12 presents plots of the longitudinal-
directivity-angle resolution boundaries versus the
nominal directivity angle for test altitucdes of 100,
250, 500, and 750 ft. The maximun Aép, occurs
at 8 = 90° for the 100-ft-altitude case and moves
progressively farther away from the overhead posi-
tion with increasing altitude while always maintain-
ing symmetry about 8 = 90°. The maximum Afp,
decreases from approximately 38° at a 100-ft altitude
to approximately 5° at a 750-ft altitude, whereas the
location moves from 8 = 90° at a 100-ft altitude to
approximately 18° away from the overhead position

at a 750-fu altitude. The maximum Afy always oc-
curs at 0 = 90° and decreases from 31° at a 100-ft
altitude to approximately 4° at a 750-1t altitude.

Figure 13 presents a plot of Ad versus 8 for al-
titwdes of 100, 250, 500, and 750 ft. The maximumn
Ad decreases from nearly 23° at a 100-fu altitie to
approximately 3° at a 75u-Mt altitvide. and this maxi-
i angle oceurs for Oy < 4 € G2 In addition,
decreasing altitude decreases the value of 8. and
increases the value of 82, thereby increasing the
width of the regien of maximum Ad, At a 100-ft al-
titude, this region is 76° € 0 € 105° and decreases
to 88° <0 <£92° at a 750-ft altitude.

From figures 12 and 13 it can be concluded that
both the lateral- and longitudinal-directivity-nngle
resolutions are smallest at high altitude.

Angle Resolution for Range of Sampling Rates

Figure 14 presents plots of the longitudinal-
directivity-angle resolution boundarvies verus the
nominal directivity angle for sampling rates (SR) of
15000 (15K) to 40000 (40K) samples per second.
The maximum Afp 4 occurs in the overhead position
for the 15K and 20K SR cases and moves progres-
sively fartlier away from the overhead position with
increasing SR while always maintaining symmetey
about 8 = 90°, The maximum Afp 4 decreases from
nearly 23° for a 15K SR to 10° for a 40K SR, whereas
the locaticn moves from 6 = 90° for the two Jowest
sampling rates to approximately 23° away from the
overlicad position for the highest SR, The maximum
Afp always occurs at @ = 90° and decreases from
approximately 21° for the 15K SR case to just less
than 8° for the 40K SR case.

The maximum A¢ is not affected by smpling
rate; however, the values of the critical longitudinal-
divectivity angles (erjy and O59) are affected. Fig-
ure 15 presents a plot of the lateral-directivity-angle
resolition versus the nominal directivity angle for
sampling rates of 15K and 40K samples per sec-
ond. For both sampling rates presented, the max-
imum A is 9° and occurs for Oy € 0 £ Oerpa-
For (° < 8 < B, the 15K sampling rate curve is
slightly greater than the 40K sampling rate curve,
and this difference generally increases with increas-
ing 0. As 8 increases from Ogn toward 180°, the
15K curve is again greater but the difference gener-
ally decreases with increasing 6. Increasing the sam-
pling rate increases the value of 8y and decreases
the value of B¢, thereby decreasing the width of
the region of maximum A¢. For the 15K sampling
rate, this region is 80° < 6 < 100° and decreases to
86° < 0 < 94° for the sampling rate of 40K samples
per second.




From figures 14 and 15 it can be concluded
that the lateral: and longitudinal-directivity-angle
resolutions are simallest at high sampling rates. In-
creasing the ssnpling rate not only increases the data
file size but also increases the maximum frequency of
the spectra,

Angle Resolution for Range of Block Size

Figure 16 presents plots of the longitudinal-
directivity-angle resolution boundaries versus the
nominal directivity angle for block sizes of 512, 1024,
2048, and 4096 sampies. The maximum Abp4 ocenrs
at 0 = %° for the largest block size uud moves pro-
gressively farther away from the overhead position
as the block size decreases while always maintaining
synunetry about 8 = 90°% The waximun Abfp,y de
creases from 27° for b = 4096 to approximately 6°
for b = 512 while the location moves from 8 = 9°
for the largest block size to approximately 36° away
fromn the overhiead position for the smallest bloek size.
The maximum Afp ulways occurs at § = 90° and de-
creases rom 25° for b = 1096 to approximately 3° for
b= 512,

The maximum Ad is not affected by block size;
however, the values of the critical longitudinal
directivity angles (Jegy and Oep2) nre affected. Fig-
ure 17 presents a plot of Ad versus 8 for block sizes
of 512 and 1096. For both block sizes presented,
the maximum A is approximately 9° and occurs for
Oerity € 0 £ Oei112. For 0° < 8 < By, the 4096 bloek
size curve is slightly greater than the 512 block size
enrve, and this difference generally increases with in-
creasing 0. As @ increases from @00 toward 180°, the
4096 block size curve is again greater but the diffec-
ence generally decreases with increasing 0. Increas-
ing the FFT block size decreases the value of 8.
and inereases the value of O, thereby increasing
the width of the region of wmaximum A¢@. For b =
4096, this region is 78° € 0 < 102° and decreases to
88° <0 <92° for b = 512.

From figures 16 and 17 it ean be concluded that
the lateral- and longitudinal-directivity-angle resolu.
tions are minimized with decreasing block size. De-
creasing the block size not only reduces the frequency
resolution of the spectral analysis but also reduces
the required computation time.

Angle Resolution for Range of Block Averages

Figure 18 presents plots of the longitudinal-
directivity-angle resolution boundaries versus the
nominal directivity angle for the usage of 1, 3, 5,
7. and 9 block averages (Npg). The maximum Abpy
oceurs at & = 90° for the Np = 7 and 9 cases and
moves progressively farther away from the overhead

position with decreasing Ny while always ninintain-
ing symmetry about 8 = 90°. The maximum Abry
decreases from nearly 20° for Np = 9 to approxi-
mately 6° for Np = 1, whereas the location moves
from 8 = 90° for Ng = 7 and 9 to approximately 38°
away from the overhend position for Ny = 1. The
waximum Afy always occurs at § = 90° and de-
creases from nearly 23° for Ny = 9 to approximately
25° for Ny =1,

The maximum A¢ is not affected by the nnber
of bleck averages; however, the values of the critical
longitudinal-directivity angles (G and Geia) are
affected.  Figure 19 presents a plot of Aé versus
A fer Ny = 1 and 9. For both Ny = 1 and
9, the maximum Ad is approximately 9° and this
maximutn angle oceurs for 8. < 0 € Oz, For
0° < 8 < b1 the N = 9 curve is slightly greater
than the Vg = 1 curve, and this difference generally
increases with increasing 8. A3 # increases from 8502
toward 180°, the Ny = 9 curve i3 again greater
but the difference generally decreases with increasing
0. Decressing Ny increases the value of 8 and
decreases the value of 8,402, thereby decreasing the
width of the region of maximum Ad. For the case of
Np =9, this region is 79° < 8 < 101° and decreases
108° <IN for Np=1.

It can be concluded that the Iaterals aml
longitudinal-directivity-angle resolutions are suallest
with a small Ny, However, decreasing the nmnber of
block avesages reduces the confidence interval of the
sound pressure levels provided by the analysis.

Assessment of S00E Flyover Experiment
Variability of Aircraft Flight Path

As a result of recognizing that the aircraft ean-
not fly a perfectly straight-and-level flight. path, lim-
its on the Right path variations must be set. In
the previous section it was shown that data redue-
tion techniques can provide some adjustinent to the
directivity-arn,  resolution; however, deviations from
the desired fligoc path strongly influence the resolu-
tion. For the S500E Hight test prograwn, the test ma-
trix included a range of aircraft velocities, altitudes,
gross weights, and main rotor rotational speeds (N3).
The vast majority of runs were conducted at 80 or 120
knots, 250- or 750-ft altitude, 3000-1b gross weight,
and 103-percent V. Because it was not known: how
well this helicopter could maintain a flight path, lim-
its were selected that would provide reasonable con-
ditions for the analysis. At each of the test altitudes
a “box" covering the sideline and altitude variations
was selected. Table 1II lists the altitude and side-
line deviation limits for each altitude, along with
the vaagnitude and location of associated maximum




directivity-angle resolutions. In this section an eval
uation of the vehicle to remazin within this box for
the various test conditions of velocity, altitude, ve
hicle gross weight, and main rotor rotational speed
(A7) will be presented,

Figure 20 presents plots of horizontal and vertical
flight paths obtuined for velocities of 10, 60, 80, 100,
120, aned 128 knots. The test altitude was 250 ft and
the sideline and altitude deviation lhnits were set at
220 fu (shown as straight solid lines in the figure).
The direction of Hight was from negative z to posi-
tive 2, and the average wind conditions at the test
altitude were 15 mph from 260°. ‘The microphone
(mic) array is located from £=0,y=0,2=0 (posi-
tion of reference mic) to o= 1000, y=0,2=0. The
upper plot presents the horizontal flight paths and
shows that the aircraft was able to stay within the
specified sideline deviation limits for all speeds al-
though the winds tended to keep the aircraft toward
the left of centerline. The lower plot presents the
vertical flight tracks and shows that the aircraft was
able to stay within the altitnde deviation limits for
all but the highest velocity case where the aireraft
started at an altitnde 10 ft below the lower altitude
limit. However, the nominal directivity angle was
st very small when the aireraft did enter the data
box, thus resulting in a directivity-angle resolution
that was signifieantly smaller than the maximum res-
olution angle. For this reason the flyover was judged
aceeptable,

Figure 21 presents plots of horizontal and vertical
flight paths obtained for altitudes of 100, 250, 500,
and 750 [, respeetively. The velocity was 80 knots
and the altitude and sideline deviation limits for each
altitude are listed in table 11 Wind data at the test
altitncde were available for the 750-ft-altitude case
only and were approximately 10 mph at 125°. For
the other three altitudes presented, ground-weather-
station wind data obtained from the top of a 10-m
pole are presented in the figure and averaged 10 mph
at 79°. The upper plot in each figure presents the
horizontal flight paths and shows that the aireraft
wiis able to remain within the sideline deviation lim-
its for all altitudes. ‘The lower plots present the
horizontal Hight paths and show that the aircraft
exceeded the altitude deviation limits for three of
the four altitudes presented. However, these lim-
its were exceeded by a very small amount and at
relatively small nominal directivity angles. This re-
sulted in directivity-angle resolutions that were still
significantly smaller than the maximum resolution
angle. For this reason, these flyovers were all judged
acceptable.

Figure 22 compares horizontal and vertical flight
paths for gross weights of 2400 Ib (dashed curve) and

3000 1b (solid curve). Figures 22(a) and 22(h) were
obtained at an altitnde of 250 ft and velocities of 80
atkl 120 kunots, respectively, whereas fignres 22(c) and
22(dd) were obtained at an altitude of 750 ft and veloe-
ities of 80 and 120 knots, respectively. Average wind
conditions at the test altitude are presented in each
figure with the dashed line representing the winds
for the 2400-1b case andd the solid line representing
the winds for the 3000-1b case. The upper plot in
cach figure presents the horizontal fight paths and
shows that the aircralt was able to stay well within
the sideline deviation limits for all cages except. for
the 80-knot, 750-ft-altitude case (fig. 22(¢)). For this
case the high winds just managed o push the air-
craft outside the right sideline liinit before the piloy
was able to correct for it. Because this devintion was
very small, however, the flyover was judged aceept-
able. The lower plats present the vertical Hight paths
and show that the aircraft was able to stay within the
altitude deviation limits for all altitudes. The reduc.
tion in vehicle gross weight from 3000 to 2400 b had
no effect on the ability of the pilot to keep the aircraft
within the altitude and sideline deviation limits.

Figure 23 compares horizontal and vertical flight
paths for main rotor rotational speeds (N2) of
103 percent (solid curve) and 90 percent (dashed
curve). The normal operating speed of Nz is 103 per-
cent. Figures 23(n) and 23(b) were obtained at an
altitude of 250 ft and velocities of 80 and 120 knots,
respectively, while figures 23(c) and 25(d) were ob-
tained at an altitude of 750 v and velocities of 80 and
120 knots, respectively. Average wind conditions at
the test altitude are presented in each figure with
the dashed line representing the winds for the 90-
percent Ng case ans the solid line representing the
winds for the 103-percent Ny case. The upper plot
in each figure presents the horizontal flight paths and
shows that the aircraft was able to stay well within
the sideline deviation limits for all rotor speeds. The
lower plots present the vertical flight path and show
that the aircraft was able to stay within the altitude
deviation limits for all cases except the 120-knot,
750-ft-altitude fiyover (fig. 23(d)). For this case the
aireraft suddenly began to increase in altitude and
barely exceeded the upper altitude lim.  before the
pilot was able to correct for it. Because this devia-
tion was very small, however, the flyover was judged
acceptable. The reduction in main rotor rotational
speed from 103- to 90-percent Ny had no apparent
effect on the ability of the pilot to keep the aircraft
within the altitude and sideline deviation limits.

Following are some general observations of the
ability of the aircraft to maintain the desired flight
path. First, it should be emphasized that during
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every ran the aireraft pilot was in constant conmnuni-
cation with a radar technician who was guiding him
through the box ereated by the altitude and sideline
devintion lhnits (as deseribed In the “Acoustic In-
strumentation and Flight Test Procedures™ section).
Alsa, it should be pointed out that two flvovers were
typically required at each condition to obtain an ac-
ceptable flight path.  Maintaining the proper alti-
tude seemed to be wore difficult than maintaining
the proper horizontal path since the pilot ¢can use
visual ground references to horizontally align the air-
eraft flight path. Visual ground referencing becomes
less aceurate with inereasing altitude, thereby neces-
sitating the expansion of the altitude and sideline de-
viation limits. As the aireraft velocity increases, the
pilot must ceact more gquickly to any deviations from
the desired flight path cansed by wind gusts, ete., in
order to stay within the altitude and sideline devia-
tion limits. Finally, during this flight test program,
the ratio of aceeptable fiyovers to total number of
fivovers increased dramatically with pilot experience,
thus indicating that practice is extremely valuable.

Variability of Aircraft Attitude

The acoustic analysis assumes that the aireraft
not only flies a straight-and-level path, but also flies
with n heading that is always aligned exactly in
the desired direction with a piteh atritude of 0°.
Figure 24 presents the aireraft heading and pitch
attitude for velocities of 40, 60, 80, 100, 120, and
12% knots at a 250-fu altitude for the flight paths
presented in figure 20. The direction of Hight was
from negative i to positive =, and the average wind
conditions at the test altitude were approximately
15 mph at 2607, The desired flight path heading was
100°,

The upper plot in fignre 24 presents the aireraft
heading as a function of distance from the reference
microphone and shows that due to the prevailing
wind conditions, a yaw or crab angle of as much
as 20° was reguired to maintain the desired flight
path.  The 40-knot flyover required the greatest
crab angle, whereas the 100-knot flyover required
the smallest crab angle.  The expected result of
decreasing crab angle with increasing velocity does
not hold in this velocity sweep, probably because
of varying wind conditions. Although the 10-, 60-,
100-, and 128-knot runs were all obtained within
a 20-minute span, the 80- and 120-knot runs were
obtained approximately 1 hour earlier. At only one
instant was the aircraft heading actually aligned with
the desired direction of flight (the 100-knot flyover
at approximately 2900 ft). The lower plot presents
the aircraft pitch attitude as a function of distance
from the reference microphone and shows that, as
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expected fer a helicopter, the pitch attitude decreases
with increasing velocity,  For this velocity range
the aircraft pitch attitude varied from about 4* to
~(°, but it held within about £2° for a typical run.
‘This figure shows that the aircraflt attitude must be
cousiclered when determining the lower hemispherical
acoustic signature from an airceaft fyover.

Concluding Remarks

A study was conducted to investigate the mea-
surement resolution of noise directivity patterns from
acoustic flight tests. Directivity-angle resolution is
affected by the data reduction parameters, the air-
eraft velocity and fiyover altitude, and devintions
of the aircraft from the desired Hight path.  The
maximum directivity-angle resolution typically oc-
curs when the aircraft is at or near the overhead po-
sition. The maximuan longitudinal-directivity-angle
resolution is affected by all the above parameters,
whereas the maximum lateral-directivity-angle res.
olution Is affected by altitude only,  In general,
directivity-angle resolution improves with decreas-
ing velocity, increasing altitnde. increasing xampling
rate. decreasing block size, and decreasing hlock av-
erages. Deviations from the desired id=al flight path
will increase the resolution,

At the typical test altitude of 250 fi, sideline and
altitude deviation limits of 229 ft were selected and
the fiyover distance for acoustic data acquisition was
approximately 7500 ft.  On average, two flyovers
were required at each test condition to obtain an
acceptable fhght path. The ability of the pilot to
maintain the flight path improved with decreasing
altitude, decreasing velocity, and practice,  As a
result of the prevailing wind conditions, yaw angles of
as much as 20° were required to maintain the desired
flight path. Helicopter pitch attitude typically varied
£2° during a fiyover.

NASA Langley Reseurch Center
Hampton, VA 23665-5225
August 4, 1989

References

1. Leverton, Jokn W.: An Overview of Helicopter’s En-
vironmental Considerations. Verlifiile, vol. 31, no. 1,
Jan./Feb. 1985, pp. 14-15.

2. Leverton, John W.: Aeroacoustics-—Historical Prospec-
tive and Linportant Issues. National Specialists’ Meeting
on Aerodynanucs and Acroacoustics— Proceedings, Amer-
jican Helicopter Soc., ¢.1987.

3. Fouster, Chasles R.: Helicopter External Noise Require-
ments—FAA Perspective.  Helicopter Acoustics, NASA
CP-2052, Part 1, 1978, pp. 1-16.




« Powell, Clemans As amnd MeCurdy, David A Effects

of Repetition Nate and [mpulsiveness of Simulated Hehe
ropter Rotor Nowse on Annoganee. NASA TP-1969, 1982,

Golub, Robert A asd Welr, Donald Si ‘The Phase 11
ROTONET System.  Natonal Specishists’ Mecting on
Arrodynamics and Arroacouatics  Proceedings, Anerican
Helicopter Soc., ¢.1987.

Morse, Philip M. and lngard, K. Uno: Theorctical Acouse
ties. MeGraw-Hill Book Co., Ine., €.1968.

Amcrican Natignal Standand Method for the Calenlahion
of the Absorption of Sound by the Almosphere. ANSI
SL2G-1978 (ASA 23:1978). Ametican last. of Physics,
178,

Gridley, Dareen: Program for Narrow-Dand Analysis of
Aweraft Flgover Nowse Using Ensemble Avemging Teche
nigues. NASA CR-163867, 1982,

9. Thomas, Mitchel E.: and Dinmond, John K.: Application
of Low-Power, High-Rate PCM Telemetry in a Helicopter
Instrumentation System. Proceedings of the 3Ind Inler-
tistional Inatrumentalion Symposivm, Instrument Sec. of
America, ¢.1987, pp. 383- 397,

10. Sentell, Ronald J.; Storey, Richard W.: Chang, James
o C.s and Jacobwon, Stephen 1. Tethered Balioon-Bused
Measurernents of Meteorological VariaNes and Acrowols,
NASA TM X.73999, 1976,

11, Bendat, Julius $.; amd Plensol, Allan G.: Random Data
Analysis and Mcasurement Procedures, Second of, (Re-
vised ad Expaicied). John Wiley & Sons, Ine., ¢, 1986,

12, Hardin, Jay C: Introduction te Time Series Analyss,
NASA RP-1145, 1986,

13, Dahan, Clawde; and Geaticux, Edimomd: Helicopter Rotor
Thickiess Nokse. J. Awer., vol, 18, no. 6, June 1981,
. 187 494,

11




Table 1. HIARS Measurement List for 500E Flight Test Prograns

Parameter

Sunpling rate,
suples per sec

Rauge

Rotating blnde measurements
Flappimgangle . . . . . . oo .. 5505 0° 10 20° max.
Lead-lag angle . . . . .. Ce s 5555 15° to 5° max,
Featheringangle . . .. ... .. 5555 17° to 32° max.
Nonrotating blade measurements
MRcolleetive . . . o oo 0 L 231 0° to 15°
TR collegtive . . . . o o v . L. 231 13° to 27°
Longitudimal eyelic . . . . . . .. 231 17° forward to 7° aft
Lateral eyelic . . . . .. c e 231 7° port to 5.5° starboard
MR Ifrew o0 0000000 5555 550 rpm mzxx.
TR rev o v v v oo 231 3275 rpn max.
MR, 256/rey © . . . o000 5555 550 rpm 1ax.
_____Eugine and gearbox nieasurements
Exhaust gas temperature (TOT) . . 231 0°C to 1000°C
Moo oL e 231 65000 rpm max.
Nao oo v oo . 231 6800 rpm max.
Np o oo v oo 0o e e 231 530 rpm max.
Torque . . .. ... ... N 231 0 to 100 psia
Fuel totalizer . ., . .. ... .. 231
Fuelflow ... ......... 231 150 gal/hr max.
Fuel temperature . . . . . . .. . 231
Helicopter state measurements
Airspeed . . . oL 0oL 231 30 to 200 knots
Altitude . . . . ..o 0oL 231 0 to 2000 ft
Altitude rate . . . . . . ... 281 0 to 1200 ft/min
Angleof attack . . . . .. o 231 +15°
Aungleof sideslip . . . . .. ... 231 +30°
Ambient pressure . . . .. L. L. 231 1900 to 2150 psf
Ambient temperature . . . . . .. 231 J0°F to 100°F
Roll altitude . . . . . ... ... 231 +90°
Roll altitude rate . . . . . . ... 231 60 deg/sec
Yaw altitude . . . .. ... ... 231 0° to 360°
Yaw altituderate . . . . . . . .. 231 60 deg/sec
Pitch altitude . . . . . ... .. 231 +30°
Pitch altitude rate . . . . . . .. 231 60 deg/sec




Table 1. Typical 500E Conditions and Variations Used in Parametric Studies

Typical 600E Variations used
Parameter conditions in parametric studies

Yelocity, knots .« . . . . .. 80 40 140
Altitnde, it . . . . .. oL, 250 100 750
Altitude deviation limits, ft +20
Sideline deviation liraits, ft +20
Data digitization rate,

samples per second 25000 15 000 10000
FFT block size, samples . . . . 2048 512 40496
Number of FFT blocks used

in ensemble average . . . 5 19

Table II1. Altitude and Sideline Deviation Limits Selected for 500E Flight Test Program
With Magnitude and Location of Associated Maximum Directivity-Angle Resolutions

Maximum longitudinal- Maximum lateral-
directivity-angle resolution directivity-angle resolution
Altitude and
sideline Nominal directivity Nominal directivity
Altitude, deviation Amplitude, | angles for maximum | Amplitude, | angles for maximum
ft limits, ft deg resolution angle, deg deg resolution angle, deg
100 +10 33 % 11 5<0<105
250 +20 14 72,108 9 84<6< %
500 +30 67, 113 7 87<0< 93
750 +40 62, 118 6 88<6< 92
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Rotor head
telemetry . Five-bladed

main rotor

Four-bladed _\

{ail-rotor

Figure 1. The McDonnell Douglas 500E experimental helicopter.
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cofpemcntnm—
Yy
(a) Horizontal directivity pattern.
b 4
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X ¢ 90 80 70 L,

ds

15°

0 =110°
(b) Vertica. directivity pattern.

Figure 4. Predicted acoustic directivily pattern of main rotor thickness noise. Q = 450 rpm; V =
140 knots.
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(b) Vertical directivity pattern.

Figure 5. Predicted acoustic directivity pattern of main rotor loading noise. Q = 360 rpm; ¥ = 140 knots.
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(a) Definition of variables used in equation (3).
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(b) Variation of directivity-angle resolution with nominal directivity angle. V = 80 knots; Z = 250 ft; SR
= 25 kHz; b = 2048; Ng = 5.

Figure 6. Longitudinal-directivity-angle resolution due to block averaging.
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(n) Definition of vuriables used in equations (G), (7), and (8).

Equations
(6) (N, (8)
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(b) Variation of maximum directivity-angle resolution with nominal directivity angie. V = 80 knots;
2 =250 ft; AZ = £20 ft; SR = 25 kHz; b = 2048; Np = 5.

Figure 7. Maximum longitudinal-directivity-angle resolution due to combined effects of block averaging
and altivude deviation limits.




(a) Definition of variables used in equations (9), (10), and (11).

Equations
(9) (10) (1 1l
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o
l

A¢ ,deg
- N W SsS O OO N W
|

— 0=0 critq 8=0,r12
| ] | 1 ]

o

30 60 90 120 150 180
0, deg

(b) Variation of maximum directivity-angle resolution with nominal directivity angle. V = 80 knots;
Z =250 ft; AY = 20 ft; SR = 25 kHz; b = 2048; Np = 5.

Figure 8. Maximum lateral-directivity-angle resolution due to sideline deviation limits.
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Figure 9. Longitudinal-directivity-angle resolution boundaries. V = 80 knots; Z = 250 fi; AY = AZ =

£20 ft; SR = 25 kHz; b = 2048; Np = 5.
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Figure 10. Longitudinal-directivity-angle resolution boundaries for range of velocities. 2 = 250 ft;

Z =20 ft: SR = 25 kHz; b = 2048; N = 5.
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